Abstract: A series of polybutadienes (PBs) of different molecular weights (in the range of 3000 to 120 000) but of identical microstructure (1,2-PB content ≈ 80%) was synthesized via anionic polymerization. The adsorption in solution of the various monodisperse PBs on carbon black (CB) was studied for different polymer/ CB ratios as well as for polymer and CB concentrations in the range of 0.1 to 100 g/l. The amount of adsorbed polymer was followed and was found to be essentially governed by the polymer concentration, which determines also the conformation of the polymer chain on the filler surface. CB concentration didn't prove to be a pertinent parameter, whereas the polymer/filler ratio was found to control the formation of the three-dimensional polymer-filler network on the basis of a percolation process. Results are discussed with respect to the available theories.
Introduction
The amount of polymer unextractable by a good solvent from a polymer/filler blend is referred to as the 'bound polymer' (BP). Under given mixing and extraction conditions, this amount reflects the polymer affinity to the filler surface. Long before synthetic polymer development took place, the resistance of carbon black/natural rubber blends to solvent extraction was reported and related to polymer reinforcement [1] . As soon as synthetic polymers started to flourish, many factors influencing the insolubilization of uncrosslinked polymers by fillers were studied including type and amount of fillers [2] [3] [4] , testing and mixing conditions [4] [5] [6] [7] .
Generally, BP is measured from adsorptions performed in the bulk while only a few studies are associated with adsorptions done in solution. Yet, this type of compounding could yield different insight and thus allow a better understanding of adsorption processes and consequently of the bound polymer formation.
In the present work, we tended to cover the largest possible domain of polymer concentration, from highly dilute solutions up to bulk polymer, i.e., without any solvent whatsoever. The common variables in these two extremes are the filler content with respect to the polymer and the polymer molecular weight. These two parameters were considered as pertinent ones in the whole study. Moreover, since molecular weight is a sensitive variable in adsorption in general, we synthesized monodisperse polymers to be used in the frame of the present study.
In this first paper of the series, the effect of different parameters on the solution adsorption of polybutadienes on carbon black (CB) was studied. The adsorption of monodisperse polybutadiene samples was performed for different: -carbon black concentrations (Cc) (2.32 to 46.5 g/l), -polymer concentrations (c) (0.11 to 71.54 g/l), -polymer/CB ratios (τ) (0.05 to 31 w/w), -polymer molecular weights (MW) (M n = 3000 to 120 000).
Experimental part

Polymer synthesis
Polymers with M n in the range of 3000 to 120 000 were anionically synthesized [8, 9] . Polymerizations were carried out in vacuum, using toluene as a solvent and secbutyllithium as an initiator.
Synthesis conditions were selected so as to obtain polymers of identical microstructure, with a 1,2-PB content as constant as possible (about 80 %). Therefore, all samples exhibit the same T g , viz., ≈ -27°C. Furthermore, polydispersity (M w /M n ), which is an important parameter for adsorption kinetics and mechanisms, was successfully kept low and equal to 1.1 ± 0. 
Compounding
Carbon black (N110 Degussa) was dispersed in toluene for 5 min using a high-speed mixer at 6000 rpm (Ultraturrax IKAT25). Such a procedure guarantees a good separation of the filler aggregates. Solutions of polybutadiene at a given concentration were prepared in toluene and added to the CB dispersion, then stirred at 9500 rpm for 20 min. It was previously verified that the adsorption was completed within a 20-min span time. Indeed all adsorption samples reached a constant weight for contact times in the 10 to15 min range. The same experimental procedure was retained for each polymer concentration (Tab. 2). After centrifugation and washing with toluene so as to attain a constant weight, the remaining CB/BP blend was dried at 50°C in vacuum and the amount of adsorbed polymer was determined by microgravimetry after pyrolysis under inert atmosphere at 900°C. One of our first concerns was to check if the excess polymer condition was satisfied, i.e., if free polymer chains remained available in solution after adsorption equilibrium was reached. The amount of excess polymer (100 minus % BP) is roughly independent of the molecular weight for all τ, and increases when τ increases. Even at the lowest polymer concentration (τ = 0.05 g/g, c = 0.11 g/l), adsorption never exceeded 40% of the total amount of polymer, which means that excess polymer conditions are satisfied at 'equilibrium'. It was assumed that under such conditions the active sites of the entire CB surface are interacting with polymer segments.
Results and discussions
Effect of carbon black concentration
Tab. 3 provides the amount of bound polymer versus carbon black concentration for two different values of polymer concentration corresponding to dilute (2.32 g/l) and semi-dilute (34.61 g/l) solutions. For reasons of clarity only the results yielded by the lowest (PB 3) and highest (PB 117) molecular weights (out of five samples) are reported as examples.
It appears that, whatever the polymer concentration, BP is roughly independent of the carbon black content, but it increases with increasing polymer concentration. BP seems to be also independent of molecular weight in the dilute polymer concentration regime while it increases with it in the semi-dilute solution regime. In the case of a hypothetically perfect dispersion, one may consider, in a first approximation, that carbon black concentrations determine an equivalent characteristic distance between filler particles. Bound polymer is assumed to be independent of the filler content as long as the latter is lower, i.e., the inter-aggregate distance is longer, than a critical threshold. Such a critical value can be defined as the longest inter-aggregate distance (the lowest filler content) at which a polymer chain links two aggregates and is assumed to depend on the molecular weight (MW). At higher filler content (shorter inter-aggregate distance) than the critical value, BP should decrease when carbon black concentration increases as a result of the increasing number of chains shared between two aggregates. Neither the critical value of filler content, nor the filler content dependency can be experimentally observed as seen from Tab. 3.
Tab. 3. Bound polymer (BP) versus carbon black concentration (Cc), polymer M n (PB 3: 2800, PB 117: 117 300) and polymer concentration (c) In order to explain the independence of BP of the inter-aggregate distance, first, we should mention that, independently of the molecular weight, only samples with the lowest filler content associated with the highest polymer concentration were observed experimentally to remain in a dispersed suspension form (values in bold in Tab. 3). All the other samples formed three-dimensional coherent polymer/filler networks after adsorption equilibrium was reached.
Indeed, the dispersion/coherent network transitions were detected experimentally, and observed to occur suddenly for some given sharp and precise values of polymer and carbon black concentrations. Coherent samples were identified by the formation of precipitated gels leaving definitely clear solutions in comparison with the ones exhibited by dispersions. The puzzling point is that such a transition is not associated with any change of the BP value over the whole range of Cc (Tab. 3). These results may suggest that the polymer/filler network formation would most likely be obtained through some kind of entanglement networking of the bound polymer (Fig. 2) rather than by direct polymer bonding of several filler particles by one macromolecular chain (in this case, the bound polymer would be expected to decrease with Cc). Fig. 2 . Formation of the polymer/filler network with no effect on BP values and no effect of MW Nevertheless, it is important to mention that a dispersion to coherent network transition is observed to occur at a constant polymer/filler ratio, τ*, equal to about 8.3, as shown in Fig. 3 . This may be considered as a clear indication that 'networking' is in this case a process of percolation occuring at a threshold value, τ*, whatever the interaggregate distance or the filler concentration is. Thus, we may conclude that the presence of polymer chains is obviously a necessary condition but its length is not a driving factor in such a percolation process. Moreover, the concept of a hypothetically characteristic distance between filler particles is no longer relevant. Networking seems to be associated with a solid particles percolation process in which polymer interacts over short distances with and between solid particles. Entanglement of a few macromolecular segments, and not of the macromolecule as a whole, plays the role of a connecting agent, independently of MW (Fig.   2 ). Percolation threshold τ* ≈ 8.3 (solid volume fraction φ v * ≈ 0.05, considering that filler density is two folds as high as the polymer one) is not an unusual value for aggregates with a high form factor [10] .
Some theoretical works have investigated the filler/polymer network formation 'gel point' [11] , 'percolation threshold' [12] , or 'critical loading of coherent gel' [4] , but none of them considered 'networking' processes occuring in solution. However, since τ* turned out to be independent of both polymer and filler concentration, thus independent of the physical state of the solution, one may compare our findings with what is expected theoretically when adsorption is performed in the melt. Two theoretical approaches can be considered:
One school of thought, derived from the Flory theory of crosslinking generalized to include the case of random crosslinking of linear chains by f-functional crosslinks [11] , leads to Eq. (1) relating τ* to MW:
where S p is the specific surface area of the filler, A 0 the surface area of filler per one reactive site, N A Avogadro's constant, and f the solid particle 'functionality'.
For instance, if in a given polymer/filler system (i.e., for S p constant), both A 0 and f are independent of MW, then the filler concentration,1/τ*, is predicted to be inversely proportional to the first power of MW. This is obviously not the case in our results.
A second school of thought, specifically developed for silica/silicone blends but worth being mentioned here, contends that BP was found experimentally to obey Eq. (2)
where χ a is a constant over a given molecular weight range.
Based on a percolation approach, the amount of bound rubber at the percolation threshold and under saturation conditions (excess of polymer in the case of the present study), BP*, was found to be related to τ* by the simple Eq. (3):
where f* is the solid particle 'functionality' at the percolation point.
Thus, in order to have τ* independent of MW, f* should be an inverse function of (MW) 1/2 which was stipulated in this approach [12] and somehow confirmed by our results. Fig. 4 shows indeed a fairly good linear relation of f* as a function of (MW) 1/2 for the five molecular weights used in the present study.
Despite the fact that this percolation approach, developed for silica/silicone blends, explains somewhat our results, it remains puzzling that the presence of solvent does not affect directly the τ* value. We may consider the presence of solvent as an enhancement factor of segmental mobility bringing the CB/polybutadiene blend to a level comparable to that of a silica/silicone blend. Furthermore, the decrease of f* (solid particle functionality at the gel point) with (MW) 1/2 suggests that macromolecules of different molecular weight do not have comparable conformational aspects at the solid surface. This point will be discussed further in the paper. These results suggest that in dilute solution, i.e., below the polymer critical concentration c t , the polymer chains adopt most likely a flat conformation on the filler surface. Therefore, the amount of bound polymer is low and independent of the molecular weight. It is assumed, in this case, that the surface coverage is rather complete. Conversely, in semi-dilute solution, i.e., above c t , the amount of bound polymer increases with both molecular weight and c; adsorbed polymer chains adopt an increasingly coil-like conformation. Such a tendency is much stronger for higher molecular weights, which explains the decrease of c t with MW as clearly shown in Tab. 4. The lower the molecular weight, the larger the c t value at which the confor-mational transition takes place. Tab. 4 provides the c t values extrapolated from the tangents to the curves, as shown in Fig. 5 .
Tab. 4. Evolution of c t with polymer molecular weight
M n 2800 9900 22800 37700 117300 c t in g/l 54 27.4 17.8 11.3 6.7
A critical concentration, c t , was predicted by theoretical works based on a self-similar polymer concentration profile on the fractal surface of colloidal grains [13] . According to this theory, the adsorbance, which is the total number of monomers per unit surface belonging to adsorbed chains, Γ ∼ BP / (S p M), obeys a two-terms equation (Eq. (4)):
a being the monomer length, N the number of monomer units per polymer chain and M the monomer molecular weight. This leads clearly to two regimes:
-In the dilute solution regime the first term is predominant. Thus, Γ ∼ 1/a 2 is independent of both molecular weight and c. Our experimental results confirm this prediction (Fig. 6); -In a more concentrated solution, the second term is dominant. Thus, Γ ∼ N 1/2 (c·a 3 ) 7/8 increases with both concentration and molecular weight. Fig. 7 provides the numerical application of such a power law. It turns out that the scaling constant is systematically lower than 7/8, but tends towards such a value for polymers of higher molecular weight. However, since BP is linearly dependent on (MW) 1/2 , it fits quite well the theoretical prediction as seen in Fig. 8 The crossover between these two regimes occurs at a concentration, c t , predicted to depend on MW as:
(5) Fig. 9 shows the numerical application of such a scaling law. Clearly the experimental results fit perfectly a power law with a scaling constant quite close to -4/7 as predicted by the theory. It is finally worth noting that c t or τ c are by no means connected to τ*. As seen in Fig.   4 , the networking transition may occur prior to the conformational transition (filled symbol in Fig. 4) ; then f is rather high and entanglements occur between chains, which are in a rather flat conformation. The network in this case is very dense because of a high f value and a short entanglement distance. Networking may also occur at concentrations higher than the conformational transition ones (open symbols in Fig. 4) ; then f decreases and entanglements occur between chains, which are in a coil-like conformation. The network in this case is less dense; f has a low value and the entanglement distance is rather high.
Effect of the polymer/filler ratio
In such a three-component system (polymer/filler/solvent) it is important to determine the driving force which governs the amount of bound polymer. Is it polymer concentration, c, or polymer to filler ratio, τ ? Therefore, two series of experiments were performed. In the first one, the carbon black concentrations were changed and the polymer concentration was kept constant at 2.3 and 34.6 g/l. In the other series, the carbon black concentration was kept constant at 2.3 g/l while the polymer concentration was changed. Fig. 10 provides the evolution of bound polymer vs. log τ for two different molecular weights, viz., 2800 and 117 300. τ was varied at either constant carbon black concentration or constant polymer concentration.
The two light curves in 
Conclusion
Our study on the amount of polymer adsorbed in solution for monodisperse polybutadiene/carbon black blends as a function of three parameters, viz., carbon black suspension concentration, polymer solution concentration and polymer/filler ratio, shows that the amount of bound polymer depends primarily on the polymer solution concentration.
Two structural transitions were detected:
-A conformational transition occurring at a critical concentration, c t . Below c t , macromolecules adopt a flat conformation, and above c t , the polymer is in a coil-like conformation. These two regimes together with c t are quite well predicted by the theory.
-A networking transition that separates dispersion from a coherent network zone. Its location depends only on the polymer/filler ratio as if the solvent would not affect the network formation. It turned out to be associated essentially with a percolation process. At the transition point the 'functionality' of a solid particle decreases, and chain folding increases, with increasing MW. The network most likely results from an entanglement process.
Our findings cover adsorption phenomena of monodisperse polybutadiene on a carbon black surface over a large range of polymer concentrations, from a highly dilute solution (0.1 g/l) to a highly concentrated one (100 g/l). Obviously, the next step will be to extend this study with the same well-defined materials to the adsorption of polybutadienes on the surface of carbon black in the dry state.
